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RNAs of many positive strand RNA viruses lack a 5’ cap struc-
ture and instead rely on cap-independent translation elements
(CITEs) to facilitate efficient translation initiation. The mecha-
nisms by which these RNAs recruit ribosomes are poorly under-
stood, and for many viruses the CITE is unknown. Here we iden-
tify the first CITE of an umbravirus in the 3'-untranslated region
of pea enation mosaic virus RNA 2. Chemical and enzymatic
probing of the ~100-nucleotide PEMV RNA 2 CITE (PTE), and
mutagenesis revealed that it forms a long, bulged helix that
branches into two short stem-loops, with a possible pseudoknot
interaction between a C-rich bulge at the branch point and a
G-rich bulge in the main helix. The PTE inhibited translation in
trans, and addition of eIF4F, but not elFiso4F, restored transla-
tion. Filter binding assays revealed that the PTE binds eIF4F and
its eIF4E subunit with high affinity. Tight binding required an
intact cap-binding pocket in eIF4E. Among many PTE mutants,
there was a strong correlation between PTE-eIlF4E binding
affinity and ability to stimulate cap-independent translation.
We conclude that the PTE recruits eIF4F by binding eIF4E. The
PTE represents a different class of translation enhancer ele-
ment, as defined by its structure and ability to bind eIF4E in the
absence of an m”G cap.

Regulation of translation occurs primarily at the initiation
step. This involves recognition of the 5’ m’G(5)ppp(5')N cap
structure on the mRNA by initiation factors, which recruit the
ribosome to the 5'-end of the mRNA (1-5). The 5’ cap struc-
ture and the poly(A) tail are necessary for efficient recruitment
of initiation factors on eukaryotic mRNAs (3, 6 —8). The cap is
recognized by the eIF4E subunit of eukaryotic translation initi-
ation factor complex eIF4F (or the elFiso4E subunit of eIFiso4F
in higher plants). The poly(A) tail is recognized by poly(A)-
binding protein. In plants, eIF4F is a heterodimer consisting of
elF4E and elF4G, the core scaffolding protein to which the
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other factors bind. eIF4A, an ATPase/RNA helicase, interacts
with eIF4F but is not part of the eIF4F heterodimer (9, 10). For
translation initiation, the purpose of eIF4E is to bring eIF4G to
the capped mRNA. elF4G then recruits the 43 S ternary ribo-
somal complex via interaction with elF3.

The RNAs of many positive sense RNA viruses contain a
cap-independent translation element (CITE)? that allows effi-
cient translation in the absence of a 5’ cap structure (11-13). In
animal viruses and some plant viruses, the CITE is an internal
ribosome entry site (IRES) located upstream of the initiation
codon. Most viral IRESes neither interact with nor require
elF4E, because they lack the m”GpppN structure, which, until
this report, was thought to be necessary for mRNA to bind
elF4E with high affinity (3, 14). Translation initiation efficiency
of mRNA is also influenced by the length of, and the degree of
secondary structure in the 5" leader (15-17).

Many uncapped plant viral RNAs harbor a CITE in the
3'-UTR that confers highly efficient translation initiation at the
5'-end of the mRNA (18 -22). These 3’ CITEs facilitate ribo-
some entry and apparently conventional scanning at the 5’-end
of the mRNA (17, 23, 24). A variety of unrelated structures has
been found to function as 3’ CITEs, suggesting that they recruit
the ribosome by different interactions with initiation factors
(13).

The factors with which a plant CITE interacts to recruit the
ribosome have been identified for only a potyvirus, a luteovirus,
and a satellite RNA. The 143-nt 5'-UTR CITE of the potyvirus,
tobacco etch virus is an IRES that functions by binding of its
AU-rich pseudoknot structure with eIF4G (25). It binds eIF4G
with up to 30-fold greater affinity than elFiso4G and does not
require elF4E for IRES activity. In addition to RNA elements,
the genome-linked viral protein (VPg) of potyviruses may par-
ticipate in cap-independent translation initiation by interacting
with the elF4E and elFiso4E subunits of eIF4F and elFiso4F,
respectively (26 —31). In contrast, the 130-nt cap-independent

3 The abbreviations used are: CITE, cap-independent translation element;
PTE, PEMV RNA 2 cap-independent translation element; IRES, internal ribo-
some entry site; nt, nucleotide(s); UTR, untranslated region; TED, transla-
tion enhancer domain; STNV, satellite tobacco necrosis virus; BYDV, barley
yellow dwarf luteovirus; BTE, BYDV-like CITE; ORF, open reading frame;
PEMV-1,2, pea enation mosaic viruses 1 and 2; Bis-Tris, 2-[bis(2-hydroxy-
ethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; NMIA, N-methylisatoic
anhydride; DTT, dithiothreitol; GST, glutathione S-transferase; PTE, PEMV
RNA 2 CITE; SHAPE, selective 2'-hydroxyl acylation analyzed by primer
extension; PMV, panicum mosaic virus; MNSV, melon necrotic spot virus;
TBTV, tobacco bushy top virus.
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translation enhancer domain (TED) in the 3’-UTR of satellite
tobacco necrosis virus (STNV) RNA forms a long bulged stem-
loop, which interacts strongly with both eIF4F and elFiso4F
and weakly with their eIF4E and elFiso4E subunits (32), sug-
gesting that the TED requires the full e[F4F or elFiso4F for a
biologically relevant interaction. Barley yellow dwarf luteo-
virus (BYDV) and several other viruses, have a different
structure, called a BYDV-like CITE (BTE), in the 3'-UTR.
The BTE is characterized by a 17-nt conserved sequence
incorporated in a structure with a variable number of stem-
loops radiating from a central junction (20, 33, 34). It
requires and binds the eIF4G subunit of eIF4F and does not
bind free eIF4E, elFiso4E, or elFiso4G, although eIF4E
slightly enhances the BTE-elF4G interaction (35). Other 3’
CITEs have been identified, but the host factors with which
they interact are unknown.

Here we describe unprecedented factor interactions of a
CITE found in an umbravirus and a panicovirus. Umbraviruses
show strong similarity to the Luteovirus and Dianthovirus gen-
erain (i) the sequence of the replication genes encoded by ORFs
1 and 2, (ii) the predicted structure of the frameshift signals
required for translation of the RNA-dependent RNA polymer-
ase from OREF 2 (36, 37), (iii) the absence of a poly(A) tail, and
(iv) the lack of a 5" cap structure (37, 38). Umbraviruses are
unique in that they encode no coat protein. For the umbra-
virus pea enation mosaic virus 2 (PEMV-2), the coat protein
is provided by PEMV-1, an enamovirus (39). Uncapped
PEMV-2 RNA (PEMV RNA 2), transcribed in vitro, is infec-
tious in pea (Pisum sativa),” indicating it must be translated
cap-independently. The 3'-UTRs of some umbraviruses
such as Tobacco bushy top virus and Groundnut rosette
virus harbor sequences resembling BYDV-like CITEs
(BTE).” However, no BTE is apparent in the 3'-UTR of
PEMV RNA 2. In this report we identify a different class of
CITE in the 705-nt long 3'-UTR of PEMV RNA 2, determine
its secondary structure, which may include an unusual
pseudoknot, and we show that, unlike any other natural
uncapped RNA, it has a high affinity for eIF4E, which is
necessary to facilitate cap-independent translation.

EXPERIMENTAL PROCEDURES

Plasmid Constructs and RNA Preparation by in Vitro
Transcription—pPER?2 is a plasmid containing PEMV RNA 2
c¢DNA (38). P2lucP2 is a reporter RNA transcribed from plas-
mid pP2lucP2 (Fig. 1C) consisting of the firefly luciferase gene
(luc2, Promega) flanked by the 5’- and 3’'-UTRs of PEMV RNA
2. The 20-nt 5'-UTR was fused directly between the T7 pro-
moter and the luciferase start codon by PCR. The resulting
construct has only viral 5'-UTR sequence upstream of the lucif-
erase coding region. The 3'-UTR was inserted adjacent to the
luciferase ORF stop codon with a unique Xbal restriction endo-
nuclease site. Site-directed mutagenesis by overlap extension
PCR was applied to generate mutant constructs: segments were
amplified with mutations introduced into the primers
sequences and placed back onto the 3'-UTR of the luciferase

#Z.Wang, unpublished observation.
5Z.Wang and W. A. Miller, unpublished observation.
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reporter construct to replace the wild-type sequence by using
Xbal and Smal, Xbal and Sall, or Sall and Eagl sites (Fig. 1).
Resulting constructs were verified by sequencing at the lowa
State University DNA Sequencing Facility.

All reporter constructs were linearized with Smal, unless
specified otherwise, as templates for RNA preparation. RNAs
were transcribed in vitro with bacteriophage T7 or SP6 poly-
merase using a mMESSAGE mMACHINE™ kit for capped
RNAs or MEGAscript™ for uncapped RNAs according to the
manufacturer’s instruction (Ambion). MEGAshortscript™
was used to transcribe the PTE element for structure probing,
trans-inhibition, and filter binding assays. RNA integrity was
verified by 0.8% agarose gel electrophoresis and then purified
according to the manufacturer’s instructions. RNA concentra-
tion was determined by spectrophotometry.

Translation in Vitro and in Protoplasts—In Vitro translation
was set up in wheat germ extract with either [**S]methionine
(genomic RNAs and its truncations) or unlabeled amino acids
mixture (luciferase reporter RNAs). 1.6 pmol of RNA transcript
from pPER?2 linearized with Smal, Sacll, or Hpal was translated
in 50 pl of wheat germ extract (Promega, Madison, WI) essen-
tially as described by the manufacturer, except no additional
potassium acetate was added (for maximal expression). Prod-
ucts were separated on a NuPAGE® 4-12% Bis-Tris gel
(Invitrogen), detected with a Pharos FX™ plus Molecular
Imager and quantified by Quantity One one-dimensional anal-
ysis software (Bio-Rad). For translation of luciferase reporter
RNA, 0.4 pmol of RNA was translated in wheat germ extract in
a total volume of 50 ul with unlabeled amino acids mixture. In
RNA competition experiments, the reporter RNA was mixed
with the designated amount of competitor RNA prior to adding
it to the translation reaction. After 1-h incubation at room tem-
perature, the luciferase activity was measured using the lucifer-
ase assay reporter system (Promega) in a TD 20/20 luminome-
ter (Turner Designs) or a GloMax™ 20/20 luminometer
(Promega).

For translation in vivo (protoplasts) 2 pmol of uncapped RNA
transcript from pP2lucP2 or its derived mutants was mixed
with 0.2 pmol of capped and poly(A)4,-tailed Renilla-luciferase
reporter mRNA (34) and electroporated into ~10° oat (Avena
sativa cv. Stout) protoplasts, which were prepared basically as
described (38, 40). After 4-h incubation at room temperature,
protoplasts were harvested and lysed in Passive Lysis Buffer
(Promega). Both Renilla and firefly luciferase activities were
measured using Dual-Luciferase® reporter assay system (Pro-
mega). To minimize variations among electroporations, the
firefly luciferase activities were normalized to the Renilla lucif-
erase. The relative activity obtained from P2lucP2, after nor-
malization, was defined as 100%.

RNA Structure Probing—An RNA segment comprising bases
3777-3982 (with extra GAA sequence at the 5'-end for optimal
SP6 RNA polymerase activity, referred to as PTE,,., oq,
herein) was transcribed in vitro directly from a PCR product
using a MEGAscript® SP6 kit, purified by phenol-chloroform
extraction and ammonium acetate-ethanol precipitation
according to the instructions in the kit. RNA (500 ng per reac-
tion) was denatured at 94 °C for 1 min then chilled quickly on
ice for 2 min. The RNA was renatured by incubation at room
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temperature for 40 min in the buffer SHAPE (50 mm HEPES-
KOH, pH 7.2, 100 mm KCl, 8 mm MgCl,). N-Methylisatoic
anhydride (NMIA) modification was performed essentially
according to methods used previously (41, 42), except buffer
SHAPE was applied to mimic the buffer used in translation
and filter binding assays. RNase ONE (Promega) digestion
(0.025-0.1 unit per reaction) was carried out at 20 °C for 15
min in the presence of yeast tRNA (2.0 ug per reaction) in
buffer SHAPE. Primer (GATCTTTTTGGGCGAGACATC,
complementary to nt 3830-3850 (Fig. 34)) labeled at the
5'-end with y-[>*P]ATP was used for the extension reaction
as described in a previous study (42) except 20 units of
Superscript ™ II reverse transcriptase (Invitrogen) was used
per reaction. After TBE urea 8% polyacrylamide gel electro-
phoresis and autoradiography, the nucleotide positions were
identified by reference to the sequencing ladder from
unmodified RNA by Sanger methods. RNA secondary struc-
ture was deduced from solution probing results and the best
fitting Mfold prediction (43).

Recombinant Protein Expression and Purification—Recom-
binant wheat eIlF4F and elFiso4F were purified as described
before (35, 44). For construction of the eIF4G expression vec-
tor, the coding sequence from the elF4F expression vector
(44) with extra sequence GAAAACCTGTATTTTCAGTCT
(encoding tobacco etch virus proteinase reorganization pep-
tide, ENLYFQS) upstream of start codon was amplified and
introduced into the BamHI/Xhol sites of pET28a vector (Nova-
gen). The construct was confirmed by DNA sequencing and
designated as pPETw4G. Protein expression was performed in
Escherichia coli BL21(DE3) cells and induced with 1 mm isopro-
pyl-B-p-thiogalactopyranoside at 30°C for 4 h. Expressed
elF4G was first purified through a phosphocellulose column
(44), followed by HisPur Cobalt Resin (Pierce) column purifica-
tion, essentially as instructed by the manufacturer, except
buffer N-300 (25 mm HEPES-KOH, pH 7.6, 300 mm KCl, 10%
glycerol) plus 10 mm imidazole was used for equilibration and
washing, and buffer N-300 plus 150 mm imidazole for elution.
The eluted protein was concentrated and further purified by
gel-filtration chromatography through Sephacryl™ S-200
(Amersham Biosciences). The desired portion was collected
and dialyzed against N-100 (25 mm HEPES-KOH, pH 7.6, 100
mm KCI, 10% glycerol) plus 1 mm DTT. eIF4E was either puri-
fied through Illustra™ m’GTP Sepharose (Amersham Bio-
sciences) according to the procedure described before (44) or as
a GST fusion. For expression and purification of e[F4E from the
GST fusion, the coding region of wheat eI[F4E with N-terminal
modification, but maintaining the correct amino acid sequence
(45), was amplified and cloned into the BamHI/EcoRI sites of
pGEX2T (Amersham Biosciences). The construct was con-
firmed by DNA sequencing and designated as pETw4E. Site-
directed mutagenesis by overlap extension PCR was applied to
amplify two mutant versions of elF4E (G323U and G185U/
G323U), which altered one or both of the tryptophan residues
in the cap-binding pocket to leucine (W108L and W62L/
W108L). They were inserted back into the PGEXw4E vector to
replace the wild-type eIlF4E coding sequence. The resulting
construct was confirmed by DNA sequencing and designated as
PGEXw4E W108L and PGEXw4E W62L/W108L, respectively.
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E. coli BL21(DE3) was used to express GST-tagged elF4E or the
mutant following induction with 0.2 mm isopropyl-3-p-thioga-
lactopyranoside at 30 °C for 6 h. The cell pellet was sonicated in
buffer N-100 plus 1 mm DTT and 0.1 mm GTP. After centrifu-
gation, the supernatant was passed through glutathione-Sepha-
rose™ 4B (Amersham Biosciences) column and washed with
buffer N-100 plus 1 mm DTT. elF4E and the mutants were
eluted from the column after thrombin (Amersham Bio-
sciences) digestion and further purified by Ultrogel AcA 44 gel
filtration. All proteins were quantified by Bradford protein
assay (46). The binding ability of eIF4E and mutants were tested
by applying protein samples to a 7-methyl GTP-Sepharose 4B
column essentially as described before (47). The column was
then washed with ten volumes of N-100 buffer. Virtually the
same volumes of (i) total protein prior to column binding, (ii)
protein bound to the column resin, and (iii) unbound eluate
were sampled and monitored by PAGE.

Protein RNA Interaction by Filter Binding—Filter binding
assays were employed as described previously (35, 48) with
slight modification. Nitrocellulose membrane was presoaked
for 10 min in 0.4 M KOH followed by rinsing in nuclease free
water to bring the pH to neutral. 0.02 pmol of [a->?P]CTP-
labeled RNA in 30 ul of binding buffer (100 mm KCl, 5 mm Mg
(CH;COO0),, 1 mMDTT, 170 ug/ml bovine serum albumin, 170
ng/ml poly(dI-dC), 30 pg/ml tRNA, 10% glycerol, and 40
units/ml RNasin) was mixed with 20 ul of N-100 containing
protein factors. The reaction was incubated at room tempera-
ture for 15 min and filtered through nitrocellulose and Hybond
N+ + nylon membranes (Amersham Biosciences), which were
presoaked in washing buffer (25 mm HEPES-KOH, pH 7.6, 100
mm KCl, 4 mm MgCl,, 1 mm DTT, and 10% glycerol), the mem-
branes were then washed with 3 X 100 ul washing buffer. Both
membranes were dried and exposed to a Phosphorlmager
screen. The bound RNA with protein, in complexes (retained
on nitrocellulose) and free RNA (retained on Hybond N+ +
membrane), was calculated from the intensity of individual
spot on the membranes with ImageQuant (Molecular
Dynamics) or Quantity One (Bio-Rad) software. Each sample
was measured in triplicate, and the data were obtained from
three experiments.

RESULTS

The 3'-UTR of PEMYV RNA 2 Is Required for Cap-independent
Translation Initiation and Ribosomal Frameshifting—Nothing
is known about cap-independent translation of umbraviruses.
Thus, we set out to identify a CITE in PEMV RNA 2. Based on
the very short 5'-UTR, long 3'-UTR, and genome similarity to
luteo- and dianthoviruses, which harbor CITEs in their
3'-UTRs, we focused first on the 3'-UTR. Initially, we tested
translation efficiencies of PEMV RNA 2 transcripts containing
deletions in the 3'-end of the genome. Capped and uncapped
RNAs were transcribed from the full-length clone, pPER?2, after
linearization with Smal,,.,, Sacll;.,, or Hpal,,, (subscripts
indicate position of restriction site in the viral genome) and
translated in wheat germ extract. The amount of ORF1 trans-
lation product (P1) from uncapped full-length RNA 2 (from
Smal,,.,-linearized pPER2) was 81% of that obtained with the
capped transcript, whereas RNAs with larger deletions trans-
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FIGURE 1. Mapping the sequence in the PEMV RNA 2 3’-UTR required for
cap independent translation. A, genome organization of PEMV RNA 2. Posi-
tions of key restriction enzyme sites are indicated. B, translation of capped (C)
or uncapped (U) transcripts from pPER2 linearized at the indicated restriction
sites. The prominent band (P1) is the expected 33-kDa product of ORF1. The
faint band indicated by arrowheads in lanes 2 and 3 migrates as the predicted
94-kDa RNA-dependent RNA polymerase from the fusion of ORF1 and ORF2
by frameshift (P7+P2). Molecular weights of the protein products of BMV
RNAs 1, 2, and 3 used as mobility markers are shown at the left. The relative
amounts of ORF1 products (%) and the ratios of ORF1 products from
uncapped/capped RNAs (U/C) are indicated below each pair of lanes. C, map-
ping the PTE. Map of P2lucP2 containing the full PEMV RNA2 UTRs flanking
the firefly luciferase ORF (Fluc). Black bars below indicate portions of the
3’-UTR in the P2lucP2 deletion mutants listed at the left. Relative translation
activities of capped (+) or uncapped (—) transcripts in wheat germ extract are
shown in columns at the right. Translation activity is shown as the percentage
of relative light units of those obtained from the uncapped P2lucP2 RNA
(transcript with full-length PEMV RNA 2 UTRs) after 60 min. Data are averages
(£S.D.) from at least three independent experiments. Deletion mutants were
named either by the bases deleted from the 3'-UTR (indicated by A), or by the
sequence remaining in the 3’-UTR (left). The sequence spanning nt 3815-
3917 (shaded rectangle) was identified as the minimal PEMV RNA 2 translation
element (PTE) necessary and sufficient for cap-independent translation.

lated only one-fourth to one-third as efficiently as their capped

counterparts (Fig. 1B). It is clear that removal of a sequence
downstream of base 3576 reduces translation of uncapped RNA
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by 65-75%, indicating that the PEMV 3’-UTR participates in
translation of uncapped genomic RNA.

We also observed a very faint band of ~94 kDa in the prod-
ucts of full-length PEMV RNA2 (arrowheads, Fig. 1B). This
product is the size predicted if ORF1 and ORF2 are translation-
ally fused by —1 ribosomal frameshifting as predicted (38).
Consistent with this prediction, the 94-kDa band is absent from
the Hpal,,,, transcript, which lacks most of ORF2. Interest-
ingly, no 94-kDa product was translated from the Sacll,..-
linearized transcript even though it encodes the complete
OREF2. These results indicate the requirement for a cis-acting
signal downstream of Sacll,,, for frameshifting. This supports
the prediction that a cis-acting element between bases 3612 and
3630 is necessary for frameshifting by long distance base pair-
ing to a predicted stem-loop near the frameshift site (36), as is
the case for Luteovirus RNAs (49).

To map the cap-independent translation element(s) pre-
cisely, a luciferase reporter construct was made by replacing the
coding and intergenic regions of PEMV RNA 2 with the firefly
luciferase coding sequence (construct pP2lucP2). RNA tran-
scripts with numerous deletions in the 3'-UTR were translated
in wheat germ extract. Relative translation efficiency was deter-
mined by comparing relative light units generated by the lucif-
erase translated from the mutant reporter RNA with the rela-
tive light units generated from the wild-type RNA (P2lucP2).
Uncapped RNAs containing 3'-UTR deletions limited to
regions upstream of nt 3815 or downstream of nt 3917 were
translated at least 80% as efficiently as uncapped full-length
RNA (Fig. 1C). Addition of a 5" cap-stimulated translation of
these deletion mutants by no more than ~1.6-fold. Precise
deletion mapping revealed that the sequence between bases
3815 and 3917 was necessary and sufficient for full cap-inde-
pendent translation (Fig. 1C). We define this region as the
PEMYV RNA 2 cap-independent translation element (PTE).

Solution Probing of PTE RNA Secondary Structure—We next
determined the secondary structure of the PTE by computer
prediction, combined with structure-sensitive chemical modi-
fication and enzymatic digestion. The modification and cleav-
age sites in the PTE were identified by primer extension and
denaturing gel electrophoresis. A transcript comprising viral
sequence from nt 3777 to 3982 (PTE,,.,_54g,) Was used for
solution structure probing. A secondary structure of this
sequence predicted using MFOLD (43) is shown in Fig. 24. We
ensured that this RNA was functional by employing a trans-
inhibition assay similar to that which was used previously to
define the BTE (35, 50). Increasing amounts of the PTE, o0,
were added in trans to a reaction containing P2lucP2 mRNA. A
25:1 ratio of PTE;, .. 544, to P2lucP2 RNA inhibited P2lucP2
translation to <20%, and a 50:1 ratio reduced translation to
near-background levels (Fig. 2B). The slightly smaller minimal
element defined in the above deletion experiments (Fig. 1C),
PTE,q,5_ 391, inhibited translation with slightly less efficiency
(Fig. 2B). As a negative control, we tested trans-inhibition activ-
ity of mutant PTEm2, which differs from wild-type PTE by two
point mutations: C3868A and C3869A (Fig. 2A4). PTEm2 does
not stimulate cap-independent translation in cis (below).
Unlike the wild-type PTE, PTEm2 did not inhibit translation
in trans (Fig. 2B). Hence only a functional PTE inhibits trans-
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FIGURE 2. Functional analysis by trans inhibition assay of the minimal
functional RNA segment for solution structure probing. A, predicted sec-
ondary structure of the RNA segment used for solution structure probing. The
arrow along the sequence indicates the sequences to which *?P-labeled oli-
gomer was annealed for primer extension. Boxed bases were mutated to AA
(arrow) in nonfunctional mutant PTEm2 (m2). Three non-viral bases, GAA (ital-
ics), were added to the 5’-end for efficient transcription by SP6 RNA polymer-
ase. B, relative translation levels of P2lucP2 programmed wheat germ extract
with increasing amounts of RNAs added in trans. Subscript indicates ends of
the sequence of the trans-inhibiting RNA (numbered as in panel A). Relative
translation is defined as 100% for the relative light units obtained in the
absence of added PTE fragment.

lation in trans at these concentrations, confirming that the
PTE,,,,_ 305, fragment is a biologically relevant substrate for
RNA structure probing.

To probe the PTE RNA in solution we used the selective
2'-hydroxyl acylation analyzed by primer extension (SHAPE)
protocol reagent NMIA, which acylates the 2’-hydroxyl moiety
on exposed (usually single-stranded) nucleotides, in a
sequence-independent manner (41, 42). We also employed

pCEEYE

MAY 22, 2009+VOLUME 284 +NUMBER 21

RNase ONE, which cleaves all unpaired nucleotides. Modified
bases were detected by primer extension (Fig. 3, A-D). The
level of modification or cleavage at each base was superimposed
on a best fitting predicted secondary structure, which consists
of a long bulged helix bifurcating into two stem-loops (Fig. 3E).
This structure agrees well with the solution probing data,
except for two subdomains. The CCCU track (C domain) at the
top of the three-way junction was predicted to be single-
stranded but gave only a very weak signal in solution probing (C
domain indicated in Fig. 3, A and C). In the predicted large
G-rich-bulge loop (G domain) between helices H2 and H3,
G3840 was modified by NMIA more strongly than the other
bases in the G domain, and they were cleaved only weakly by
RNase ONE (G domain, Fig. 3, A and C).

For comparison, the nonfunctional mutant PTEm2 (Fig. 2A4)
was also probed in solution. Interestingly, the two C-to-A
mutations in the C domain rendered the C domain more acces-
sible to NMIA and RNase ONE (Fig. 3, D and F). Unexpectedly,
these two mutations also caused increased cleavage of the G
domain bases by RNase ONE, giving a pattern predicted for a
single-stranded G domain bulge. NMIA modification of the G
domain also increased in m2, with the striking exception of
G3840, which was less modified than in the wild-type PTE. The
m2 mutations also caused nucleotides C3852 and U3884
(located opposite the C domain in the three-way junction) and
G3893 (opposite the G domain) to become more extensively
modified by NMIA (Fig. 3, D and F). No other substantial dif-
ferences were observed in PTEm?2.

The predicted structure of another translation enhancer ele-
ment identified in panicum mosaic virus (PMV) (51) resembles
the PTE element as follows: (i) both can be depicted as a
T-shaped secondary structure with a long bulged helix featur-
ing a large G-rich bulge on the 5’ side topped by seven consec-
utive base pairs (H3, Fig. 3, E and G), (ii) the top of the “T”
branches into two stem-loops containing 5 (SL1) and 4 (SL2)
bp, respectively, (iii) the loop of SL1 has potential to base pair to
the 5'-UTR (below), (iv) the bulge connecting SL1 and SL2 is 4
bases long with a CCC tract, and (v) an unpaired U is conserved
at the junction of SL2 and H3. There is no other obvious
sequence similarity between the two elements, suggesting the G
and C domains are important for PTE function. The conserva-
tion of secondary structure between the two viral RNAs pro-
vides phylogenetic support of the secondary structure deter-
mined experimentally.

Secondary Structure but Not the Sequence of the Branching
Stem-loops Is Necessary for PTE Activity—To define the pri-
mary and secondary structures required for PTE function,
mutations were introduced into the PTE of luciferase reporter
construct pP2lucP2 containing the full-length 3’-UTR, and the
resulting RNA transcripts were translated in wheat germ
extract (Fig. 4A). Many were also translated in oat protoplasts
(Fig. 4B).

Mutations that partially disrupted either helix of SL1 or SL2
(m7, m8, m21, and m22) brought down the translation activity
to less than one-fourth of the wild-type level (Fig. 44), whereas
two other mutations predicted to restore SL1 (m23) or SL2
(m24) retained greater than three-fourths of wild-type activity
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FIGURE 4. Effects of mutations in the PTE on cap-independent translation in vitro and in vivo. A, mutations
introduced in PTE region (nt 3815-3917) in P2lucP2 are shaded. Boxes indicate groups of mutated bases. A,
deletion. Major mutations to the top portion of the structure (boxed) are shown at right. Numbers below each
construct indicate relative translation activity (mean = S.D.) in wheat germ extract of uncapped mRNAs con-
taining the indicated mutations in the P2lucP2 parent transcript. Relative translation is the percent of relative
light units obtained from uncapped, wild-type P2lucP2 transcript. B, bar graph comparing relative luciferase
levels obtained in oat protoplasts from P2lucP2-derived constructs containing the PTE mutations shown in
panel A. Relative translation is defined as in panel A. See “Experimental Procedures” for details.

(Fig. 4A). Duplications that doubled the length of SL1 or SL2

(m9 and m10) retained near-wild-type translation activity.
Loop 1 has potential to base pair with the 5'-UTR in a long
distance interaction similar to that required by some other
3'-UTR CITEs (52). However, mutations in loop 1 (m1 and m4)
did not affect translation efficiency, and mutations in loop 2

(Fig. 4A).

(m6) also retained full activity.
Thus, in the translation conditions
used here, long distance base pair-
ing between the PTE and 5'-UTR
appears to be unnecessary. In sum-
mary, these data reveal that the
branching stem-loops are neces-
sary, but the sequences and lengths
of these helices are not important
for PTE activity. Structure probing
of functional mutants m1, m6, m9,
and m10 revealed that all retained
the expected wild-type-like PTE
structure (supplemental Fig. S1),
confirming the structure is the
determinant for PTE function.
Interaction of the C and G
Domains Is Essential for Translation
Activity—The role of unpaired
bases around the helical junction
was investigated in detail. All six
constructs containing mutations in
the C domain (m2, m5, C3868U,
C3869U, C3870U, and U3871C)
reduced translation of luciferase to
background levels (~5% of wild-
type) in wheat germ extract (Fig.
4A). Deletion of the unpaired U3884
connecting SL2 to H3 (AU3884)
also abolished PTE translation
activity. On the other hand, a four-
base insertion (GAUC) between H3
and SL1 (mutant sf) allowed
reduced, but significant (28.0%),
translation in wheat germ extract
(Fig. 4A4). Single base deletions or
substitutions of G3838, G3839,
G3841, A3842, or A3845 in the G
domain abolished translation activ-
ity. In contrast, mutations of A3837
retained near wild-type activities
and mutations of the highly modifi-
cation-sensitive G3840 retained sig-
nificantly higher activities (16 -26%

of wild-type), than the mutations in the four surrounding sites

The translation efficiencies of the selected mutant PTE con-
structs in oat protoplasts (Fig. 4B) were strikingly similar to the
behavior of these RNAs in the wheat germ extract. This sup-

FIGURE 3. Chemical and enzymatic solution structure probing of PTE and PTE m2 RNAs. A-D, primer extension products from RNAs modified with NMIA
or digested with RNaseONE (R7). PTE RNA (A and C) and PTE m2 RNA (B and D) were modified with NMIA (7, 60 mm; 2, 120 mwm) or digested with RNaseONE (1,
0.025 unit; 2,0.05 unit; 3, 0.1 unit). “0” indicates no reagent control. Cand D, gels were run longer to improve resolution of bases detected in the central portions
(dashed lines) of gels in panels Aand B, respectively. Positions of modified bases or RNase ONE cleavage sites were revealed by primer extension and bands were
separated in an 8% polyacrylamide, 7 m urea sequencing gel. The sequencing ladders (lanes TAGC) were generated by dideoxy sequencing of the RNA with the
same 5’-labeled primer used in the modification lanes. E, superposition of probe activities on the best-fitting predicted secondary structure of the PTE. SHAPE
activity (level of NMIA modification) is indicated by color-coded bases. Possible pseudoknot interaction between G and C domain is indicated by dashed
double-headed arrow. F, changes in modification or cleavage sensitivity of basesin PTEm2 compared with wild-type PTE. G, predicted secondary structure of the
translation enhancer element of PMV, including the possible G-C domain pseudoknot.
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FIGURE 5. SHAPE analysis of the PTE solution structure with mutations in the G and C domains. RNA was
modified with either 60 mm NMIA (+) or no reagent (—). The modified bases were revealed by primer extension
as in Fig. 3. The sequencing ladders (lanes TACG beside wild-type RNA, and T or A beside each mutant) were
generated by dideoxy sequencing of the RNA with same 5’-labeled primer used in the modification /anes.

P2lucP2 3f47 TPTE
e | 4252
NN Translation activity (%)
N TTe- wge protoplasts
R2 1-20  1-GGGUAUUUAUAGAGAUCAGUAUG-23 100 100
R2 1-20 d  1-GGGUAUUUAUAGAGAUCAGU UG <1 <1
R2 1-20 m 1-GAAAUAAAUAUCUCAUCAGUAUG 105 + 5 121+ 32
TBTV 1-10 1-GAGGUUACGAU AUG 72 £8 87 +15

FIGURE 6. Effects of mutations in the 5'-UTR on cap-independent transla-
tion of RNA containing the PTE in the 3’-UTR. Mutations were introduced
into the 5’-UTR of P2lucP2, and the corresponding uncapped mRNAs were
translated in wheat germ extract and in oat protoplasts. Only bases up to and
including the firefly luciferase ORF start codon (bold) are shown. R2 1-20:
wild-type PEMV RNA 2 5’-UTR sequence (P2lucP2). R2 1-20d: adenosine in the
start codon deleted. R2 1-20m: nt 2 and 3 (GG) mutated to AA, and nt 4-14
mutated to their complementary counterparts (shaded). TBTV 1-10: entire
10-nt TBTV 5’-UTR (GenBank™ accession no. AF402620), preceded by a non-
viral extra G (underlined) for efficient RNA transcription. Relative translation
efficiencies are shown as percentage of relative light units obtained with
P2lucP2. Luciferase was measured after 1 h of translation in wheat germ
extract (wge) or 4 h post electroporation in oat protoplasts.

ports the validity of the wheat germ extract as a system to ana-
lyze PTE translation.

Taken together, sequences in the C and G domains are crit-
ical for PTE translation activity, whereas the sequences of the
predicted helices and loops I and IT are not important, as long as
their secondary structure is maintained. For these reasons we
investigated the structure of selected G domain and C domain
mutants in more detail by probing these mutants (as well as the
AU3834 mutant) with NMIA. All nonfunctional mutations in
either the C or G domains caused both domains to become
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mutants, but it is clearly modified
more than in wild-type PTE RNA.
In contrast, the rest of the structure
remained unchanged in the Cand G
domain mutants. Nonfunctional
G3838A, G3841A mutants were
also probed by RNase ONE and, like
PTEm2, both G and C domains
were more accessible than wild-type
(supplemental Fig. S2). These
results indicate that elimination of
translation activity was due to dis-
ruption of an interaction between
the C and G domains.

We hypothesize that, in the wild-
type PTE, the G and C domains
interact to form a pseudoknot
(dashed arrow, Fig. 3E), protect-
ing both domains from the sin-
gle strand-specific probes, with the
exception of G3840. This tertiary
interaction may be weak or
dynamic, because nucleotides in the
G and C domains are partially acces-
sible to the probes. The extremely
modifiable G3840 either does not
participate in the pseudoknot base pairing, or it is base paired
but arranged in such a way to make its 2’-hydroxyl highly
exposed to NMIA. The mutations in the C or the G domain
would eliminate the pseudoknot interaction, making nucleo-
tides in both G and C domains single-stranded and more acces-
sible to modification and cleavage, as observed (except for
G3840, which becomes less, but still significantly, modified by
NMIA in C domain mutants).

To test whether base pairing (and not sequence) between the
C and G domains was sufficient to form a functional
pseudoknot, seven different double mutants of P2lucP2 were
tested with individual base pairs exchanged, to maintain the
predicted C domain-G domain base pairing. None of these dou-
ble mutants facilitated cap-independent translation (supple-
mental Fig. S3). We conclude that the sequences of the G and
especially C domains are critical for PTE activity.

The 3' PTE Mediates Translation Independent of Sequence in
the 5'-UTR—Some viral 5'-UTRs participate in translation by
recruitment of initiation factor(s), either directly (53, 54) or by
interaction with the 3’-UTR (18, 52). To determine the role, if
any, of the 20-nt PEMV RNA 2 5'-UTR in cap-independent
translation, P2lucP2 mutants with alterations in the 5'-UTR
were translated in wheat germ extract and in protoplasts (Fig.
6). As a negative control, deletion of the adenosine in the start
codon was found to totally abolish translation. The RNA
reporter with the first 14 nt in the 5'-UTR altered to their com-
plementary sequences translated virtually the same as wild-
type P2lucP2. Substituting the P2lucP2 5'-UTR with the even
shorter 10-nt 5'-UTR from TBTV (another umbravirus)
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slightly reduced translation efficiency. These data showed that
no specific sequence in the 5'-UTR appears to be required for
cap-independent translation mediated by the PTE in the
3'-UTR. They support the conclusion from mutations in loop 1
of the PTE (m1 and m4, Fig. 4) that no base pairing between the
PTE and the 5'-UTR is necessary for cap-independent transla-
tion under the conditions tested.

PTE Interacts with Translation Initiation Factor eIF4F but
Not elFiso4F—Binding of eIF4F (or elFiso4F in plants) (55, 56)
to the cap structure on the 5'-end of cellular mRNA is an
important regulatory step in eukaryotic mRNA translation ini-
tiation (1, 5, 57). This leads to ribosome recruitment followed
by scanning for the initiation codon (58-60). As described
above, PTE stimulates translation in cis (Fig. 1) and inhibits
translation in trans (Fig. 2B). We hypothesize that this behavior
is due to interaction of the PTE with translation initiation fac-
tor(s) and that this interaction competes with the mRNA for
essential factors needed to recruit the ribosome. This was
shown to be the case for the BTE of BYDV (35). To test this
possibility with the PTE, we first inhibited translation in a
wheat germ extract by adding excess PTE RNA in trans, then
we observed the effects of adding increasing amounts of exog-
enous initiation factors on translation of P2lucP2. Indeed, the
trans inhibition was reversed, and translation of P2lucP2 was
recovered fully by addition of ~100 nm elF4F (Fig. 7A). elFiso4F
was far less stimulatory and did not restore full translation.
Addition of eIF4F or elFiso4F both stimulated translation of the
uninhibited extract by ~40% in the presence of 200 nm added
factor (Fig. 7). These results indicate that trans inhibition is
specific to sequestration of eIF4F, not elFiso4F, and both factor
complexes are somewhat limiting in uninhibited wheat germ
extract.

To determine if the stimulation of PTE-mediated translation
is due to direct PTE binding by eIF4F, we performed a filter
binding assay of the PTE with eIF4F or elFiso4F. The PTE (nt
3815-3917) bound eIF4F with high affinity (K, = 48 nm) (Fig.
8A and Table 1). The non-functional mutant, PTEm?2 (Fig. 44),
did not bind eIF4F (Fig. 84), indicating that PTE function cor-
relates with its affinity for eIF4F. Wild-type PTE did not bind
significantly to elFiso4F (Fig. 8B). As a positive control for
elFiso4F binding, we measured elFiso4F binding to the TED (nt
621-752) in the 3'-UTR of STNV-1 RNA, which had been
shown previously to bind elFiso4F (32). Up to 50% of STNV-1
TED was bound by 500 nMm elFiso4F. In contrast, only 15% of
PTE was bound at this concentration (Fig. 8B). In summary, the
factor binding data as well as translation recovery data indicate
that elF4F rather than elFiso4F interacts directly with PTE to
facilitate cap-independent translation.

PTE Interacts with elF4F Via the elF4E Subunit—We next
sought to determine which of the eIF4F subunits, eIF4E or
elF4G or both, binds directly to the PTE. For the filter bind-
ing assay both proteins were purified using improvements to
the existing protocols (44). Switching from the previously
published pET3d expression vector (44) to pET28a (Nova-
gen) increased the expression in E.coli at least 3-fold.
Because most degradation occurs in the N-terminal region
of eIF4G, we fused a His, tag to the N terminus and purified
elF4G by immobilized metal affinity chromatography, fol-
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FIGURE 7. Effect of adding elF4F or elFiso4F to PTE-inhibited wheat germ
translation extract. Each reaction contained 4 nm P2lucP2 RNA in 50 ul of
wheat germ extract. Forty-fold excess (160 nm) PTE g, 5_39,, Was presentin the
reactions indicated by solid squares (plus inhibitor RNA). The amount of elF4F
or elFiso4F added to the translation reaction is indicated on the x-axes. Open
squares indicate translation levels obtained in the absence of trans-inhibiting
PTE;g15-3017 RNA (no inhibitor RNA). Relative translation efficiencies are
shown as percentage of relative light units obtained in 1 h in the absence of
added trans-inhibitor RNA or factors.

lowed by gel filtration. eIF4E and mutants were purified as a
GST-tagged fusion protein. Using factors purified by these
methods (Fig. 8C), the PTE was found to bind eIF4E with a
much higher affinity (K, = 58 nm) than eIF4G (K, > 800 nm)
(Fig. 8D and Table 1).

elF4E purified via GST tag (which was removed from the
final preparation) bound a higher percentage of PTE RNA
(~85%) at saturating levels than the preparation obtained by
m’GTP-Sepharose affinity chromatography (~70%). However,
the K, values measured from different experiments were simi-
lar (52-79 nm). The difference in maximum RNA binding may
be due to residual m’GTP, used in eluting eIFAE from the
m’GTP-Sepharose column, affecting the binding capacity of
elF4E for the PTE.

The specificity of the low affinity eIF4G binding to the
PTE was investigated further. We found that 400 nm eIF4G
bound the non-functional mutant PTEm2 with the same rel-
ative affinity as wild-type PTE: 29 = 8%. A similar value was
also observed for eIF4G binding to 18 S RNA, indicating that
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binding pocket of eIF4E between
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- which form m-7 stacking interac-
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¢ PTE--elF4E binding pocket to bind the PTE, we
measured the binding affinity of two
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or both of the key tryptophan resi-
dues was altered to leucine. A single
tryptophan mutation is known to
prevent cap binding in murine
elF4E (47). In our hands, the single
mutant, e[F4E-W108L, reduced but
did not eliminate binding to
7-methyl GTP-Sepharose 4B (Fig.
8E). In contrast, the double trypto-
phan mutations in elF4E-W62L/
W108L abolished m’GTP binding
(Fig. 8E). eIF4E-W108L bound the
PTE with about an 8-fold lower
affinity (K, = 461 nm) than wild-
type elF4E (K, = 58 nm), whereas

binding of PTE to elF4G is nonspecific. It occurs probably
via the known nonspecific RNA-binding domains in eIF4G
(10, 55, 59).

Because the PTE binds eIlF4E so much more tightly than
elF4G, we tested whether eIF4E alone could restore translation
in trans-inhibited extracts (as in Fig. 7). Adding up to 3 um
elF4E had no effect on translation that remained at ~20% in the
presence of 40X excess PTE g, - 34, inhibitor. These results
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FIGURE 8. Filter binding assays of translation initiation factors with the PTE or TED. A, binding of
PTE;g15_3017 and PTEsg,5_307, M2 to elF4F. B, binding of PTE;g,5_5;, and STNV-1 TED nt 621-752 (37) to
elFiso4F. C, PAGE of E. coli-expressed, purified elF4G, and elF4E (“Experimental Procedures”) used in the filter
binding assay in panel D. Mobilities (in kDa) of molecular mass markers are indicated at the left of lane MW.
D, filter binding of PTE;g;5_34:7 to elF4G or elF4E. E, PAGE of wild-type and mutant elF4E, purified as GST fusion
proteins, which bound or flowed through (unbound) an m’G-Sepharose column. The GST tag was removed
after purification. F, filter binding of PTE;g;5_39,7 Or STNV-1 TED nt 621-752 (37) to elF4E or mutants. In each
legend the RNA and protein that interact are separated by a double dash. For all filter binding assays in this
figure, 3?P-RNA (~0.8 nm) was mixed with indicated concentration of protein and filtered onto layered nitro-
cellulose and nylon membranes to allow quantification of bound and unbound RNA, respectively (“Experimen-
tal Procedures”). The data are representative of at least three independent experiments.

the double mutant, e[F4E-W62L/
W108L, showed only background
levels of binding and had no meas-
urable K, (Fig. 8F). Thus the ability
of elF4E and its mutants to bind
m’GTP generally correlated with
their ability to bind the PTE. We
conclude that interaction of elF4E
with PTE RNA requires an intact
cap binding pocket.

Although STNV-1 TED is known
to have elF4E-binding activity (32),
its dependence on the cap-binding pocket has not been deter-
mined. To address this, we measured the binding of TED to
elF4E-W108L. Disruption of the cap-binding pocket reduced
the binding affinity (K ;) by at least 5-fold in all our experiments.
Because the initial affinity of TED for eIF4E is low (much less
than that of the PTE), and the limitation of filter binding to
measure weak RNA-protein interaction, we could not obtain a
meaningful K, for the TED-eIF4E-W108L interaction. Given
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that the PTE, but not the TED, showed significant binding to
elF4E-W108L, we conclude that the interaction between the
PTE with eIF4E is different than the TED-elF4E interaction.
This is not surprising given the entirely different structures and
sequences of these two RNA elements.

Binding of PTE Mutants to elF4E Correlates Strongly with
Their Ability to Stimulate Cap-independent Translation—To
determine whether eIF4E binding affinity correlates with, and
thus plays a role in, PTE-mediated cap-independent transla-
tion, we compared the binding affinities of several PTE mutants
with their ability to facilitate cap-independent translation in the
P2lucP2 context. To ensure that the relative binding observed
was sensitive to changes in e[F4E-PTE affinity, the binding was
measured at 100 nM eIF4E for all mutant RNAs tested. PTE
mutants m1, m9, and A3837G all bound to eIF4E (Fig. 9) and
conferred translation at similar level as wild-type PTE. All C
domain mutants (m2, C3868U, C3869U, (C3870U, and
U3871C) and G domain mutants (G3838A, G3839A, G3841A,
and A3842Q@) that abolished translation showed little or no
binding to eIF4E (Fig. 9). Mutants m7, m8, and G3840A, which
translated at low but significant levels, showed a proportionally
reduced level of eIF4E binding. Slight deviations between eIF4E
binding and translation stimulation activity were found in the
SL2 of the PTE. Mutant mé6 (SL2 loop sequence change) RNA
bound elF4E 50% more efficiently than wild-type RNA, but
translated at wild-type levels; and mutant m10 (extension of the
SL2 helix) bound eIF4E with only ~67% of wild-type affinity but
translated with slightly higher than wild-type efficiency. Over-
all, the eIF4E binding capacities of the mutants correlated well
with their ability to foster cap-independent translation in

TABLE 1
Apparent dissociation constants of initiation factor-CITE interactions
Estimated K,
Initiation factor PTE” STNV-TED BTE?
nm
elF4F 48 = 21 17-30°¢ 37*+8
elFAE 58 £ 16 313“ or ~780° >2000
elF4G >800 ND? 177 = 10
“ Determined in this paper.
? Data from Ref. 35.
¢ Data from Ref. 32.
4 ND, not determined.
elF4E translatio
175 blrgéng activity

75
50
25

relative binding

C3868U
C3869U
C3870U
u3s71C
A3837G

<
[
©
]
2
<

PTE mutant

FIGURE 9. Comparison of elF4E binding and translation activities of PTE mutants. Filter binding assays
were performed as described in the Fig. 8 legend and under “Experimental Procedures” using 0.8 nv >2P-RNA
mixed with 100 nm elF4E. The relative binding capacity (left y axis) is calculated by defining the percentage of
total wild-type PTE bound to elf4E as 100%. Relative translation (right y axis) is the percentage of relative light
units obtained from each uncapped mutant transcript (Fig. 4A), relative to the wild-type P2lucP2 transcript.
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G3838A

P2lucP2. We conclude that binding of PTE to the eIF4E subunit
of eIF4F is necessary for cap-independent translation mediated
by the PTE.

DISCUSSION

The PTE Differs from other Cap-independent Translation
Elements—Compared with previously published CITEs, the
PTEs of PEMV RNA 2 and PMV RNA comprise a different
structural class of element located in the 3’-UTR. The known
3'-UTR CITEs fall into about eight classes, each class defined by
having a completely different secondary structure and
sequence (13). The PTE class has only two known members,
PEMYV RNA 2 and PMV, a member of genus Panicovirus in the
Tombusviridae family (Fig. 3, £ and G). None of the other
known or predicted elements form the same “T-shaped” struc-
ture with the probable pseudoknot interaction between the C
and G domains (12, 13).

Interaction of the C and G domains is indicated by the obser-
vation that mutations in the C domain affect the accessibility of
G domain and vice versa, whereas the predicted helical regions
and terminal loops of the PTE remain unaffected by these base
changes. A striking feature is that, in all functional mutants,
base 3840 is highly susceptible to NMIA modification but not
RNase cleavage (Figs. 3, 5, S1, and S2). The PTE functions to
some extent with any base at this position, although it is most
efficient with the wild-type G (Fig. 44). Thus this base is likely
unpaired. Various double mutations were introduced in
attempts to maintain proposed base pairing between the C and
G domains by various possible arrangements of complemen-
tary bases in these domains, but none were functional (supple-
mental Fig. S3). Therefore, although a pseudoknot is possible,
other types of interactions between the C and G domains must
be considered.

The PTE Facilitates Cap-independent Translation by Binding
elF4E—Several lines of evidence support a key role for eIF4E in
the function of the PTE. In an analysis of eighteen different PTE
mutants, e[F4E binding affinity correlated strongly with ability
to facilitate cap-independent translation (Fig. 9). Moreover, the
PTE alone, but not PTEm2, inhibited translation in trans (Fig.
3), and this inhibition was overcome by addition of eIF4F (but
not elFiso4F) to the translation extract (Fig. 7A). Thus it
appears that the PTE recruits eIF4F
by binding the elF4E subunit of
elF4F even though the PTE lacks the

150 m’GpppN.

125 The PTE likely uses a non-stan-

;00 c dard interaction to bind eIlF4E in the
>3 absence of a m’G residue. The m’G

50 — . .

25 group forms crucial 7 bonds with

specific tryptophan residues in the
elF4E cap-binding pocket (45).
Mutation of one or both of the tryp-
tophan residues reduced or elimi-
nated, respectively, binding by PTE
(Fig. 8F). Thus, it is clear that intact
cap-binding pocket is necessary for
PTE binding, but this does not
prove that the PTE binds directly in

G3839A
G3840A

G3841A
A3842G
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the cap-binding pocket. In the absence of a bound cap, the
structure of eIF4E is less stable, and mutations of the cap-bind-
ing pocket may affect the overall structure of eIF4E (45, 63, 64).
An uncapped RNA aptamer selected to bind mammalian eIF4E
with high affinity bound the equivalent of the W108L eIF4E
mutant (W102F in mouse eIF4E) with the same affinity as wild-
type eIF4E (65). Thus, for the only other eIF4E-uncapped RNA
interaction that we know of, a fully intact cap-binding pocket is
not necessary.

PTE Differs from Other Plant Viral RNAs in Its Interactions
with elF4F Subunits—Other 3" CITEs may interact with eIF4E.
Genetic evidence indicates that the 3’ CITE of melon necrotic
spot virus (MNSV, Tombusviridae), which does not resemble
the PTE, also requires elF4E (66). The direct factor binding of
the MNSV CITE is unknown, but a natural point mutation
(H228L) in melon eIF4E confers resistance to most MNSV
strains, and this mutation prevents elF4E from promoting
MNSV CITE-mediated cap-independent translation in vitro.
Moreover, a resistance-breaking mutant of MNSV had base
changes in its CITE that allowed it to mediate cap-independent
translation in the presence of the eIF4E-228L (67). Thus it is
clear that the MNSV CITE relies on eIF4E for cap-independent
translation, which is essential for infection. It will be interesting
to see whether the MNSV CITE binds directly to eIF4E (or
elFiso4E) and, if so, how that interaction compares with the
PTE-elF4E mechanism.

Viruses in the large, diverse Potyviridae family may also facil-
itate cap-independent translation via eIF4E but by its interac-
tion with the viral genome-linked protein (VPg) (26, 31, 68).
This binding is required for infection (27, 29, 30), enhances viral
RNA translation (28), and may inhibit host mRNA translation
by sequestering e[F4E. Many natural potyvirus resistance genes
in plants are mutant or deleted alleles of eIF4E or elFiso4E (27,
69, 70). Potyviruses contain an IRES in the 5'-UTR (71), which
binds and requires eIF4G (but not elFiso4G) to facilitate cap-
independent translation (10). Thus, potyviruses may recruit
elF4F by two routes: IRES binding of eIF4G and VPg binding of
elF4E.

The BTE of luteo-, diantho-, and other umbraviruses binds
and requires eIlF4G (35) and does not bind eIF4E, although
elF4E enhances BTE binding affinity by e[F4G and translation
activation by ~30% (Table 1). This is likely because the activity
of eIF4G is enhanced by binding of eIF4E even in cap-depend-
ent translation (2). Unlike the binding of eIF4E to the PTE,
binding of eIF4G to the BTE is less specific. A non-functional
mutant of the BTE binds elF4G with nearly the same affinity as
does wild-type BTE, although completely unrelated RNAs bind
elF4G with lower affinity (35). In contrast, all of the functional
PTE mutants, and none of the nonfunctional mutants, bind
eIF4E (Fig. 9).

Another unrelated 3’ cap-independent translation element,
the TED of STNV RNA, binds eIlF4E but with substantially
lower affinity than the PTE-eIF4E interaction (Table 1). TED
also binds elFiso4E (32). The TED binds eIF4F or elFiso4F with
much higher affinity than it binds any of the subunits (Table 1).
As shown in Fig. 8F, both the TED and PTE require an intact
cap-binding pocket to bind eIF4E, but the single W108L muta-
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tion has a greater negative effect on TED binding than on PTE
binding.

In summary, where interactions with translation factors have
been characterized, all 3" CITEs bind the elF4F complex with
the highest affinity (Table 1). The PTE interacts via the eIF4E
subunit of eIF4F, the BTE via the eIF4G subunit, and the TED of
STNV prefers to bind the whole eIF4F heterodimer rather than
primarily to a particular subunit. Thus, although the specific
interactions with eIF4F differ among 3’ CITEs, the general
mechanism of 3" CITE function is the same: to recruit eIF4F.
We speculate that each element has evolved to bind a different
surface on the eIF4F complex.

Communication with the 5'-End of the Viral RNA—It is
unclear how eIF4F, once bound by the PTE, is delivered to the
5'-end of PEMV RNA 2 where translation initiates. Almost all
3’ CITEs, including the PTE, have loop sequences predicted to
base pair to the 5'-UTR (13, 18, 52, 72). For BYDV and TBSV,
this base pairing is required for cap-independent translation
(18, 52). Bases in loop 1 of SL1 in the PTE (3859UUAU3862)
have potential to form weak base pairing to a sequence,
9AUAGI12, in the 5'-UTR. Numerous alterations to loop 1, and
to the 5'-UTR, did not affect PTE activity (Fig. 6). However, in
some cases fortuitous base pairing between the mutant
sequences can be predicted. For example, the AAUA sequence
in m1 loop 1 may pair to a UUAU sequence in the 5'-UTR. This
may explain the slightly higher than wild-type expression in
protoplasts (Fig. 4B). Also, the reversed portion of the 5'-UTR
in mutant 1-20m (Fig. 6) may pair to loop 1 via an AAUA-
UUAU interaction. However, we predict no base pairing
between the m4 loop 1 and the 5'-UTR or between the TBTV
5'-UTR and loop 1, yet these constructs also translate at near-
wild-type levels. Thus, there appears to be no requirement for
long distance base pairing between 5’- and 3'-UTR for PTE-
mediated translation in the conditions used here. This resem-
bles the TED sequence in which disruption of potential base
pairing between the terminal loop of TED and the 5'-UTR only
slightly reduced translation efficiency, and wild-type levels of
translation were not restored by compensating mutations (73).
Also, no base pairing of the 3" CITE of Turnip crinkle virus to
the 5'-UTR is apparent (74). Instead this tRNA-like structure
binds the P site of 80 S ribosomes directly, and the 5'-UTR also
plays a role in CITE activity (75). In contrast, in PEMV RNA2
and other umbraviruses, the 5'-UTR is so short (10 —20 nt) that
the ribosome may bind and interact with the start codon to
some extent without elF4 factors (16), and the 3" PTE may
simply enhance translation by increasing the local concentra-
tion of elF4F.

Divergent Origins of Viral 3' Cap-independent Translation
Elements—It is intriguing that PEMV-2, in the Umbravirus
genus (which is not assigned to a family), and PMV, the sole
member of genus Panicovirus in the large, diverse Tombusviri-
dae family, contain similar elements, while no other viruses are
known to have a PTE. The two other sequenced umbraviruses
contain a predicted BTE instead.” Other members of the Tom-
busviridae family, to which PMV belongs, have a variety of dif-
ferent CITEs (13, 18, 72-74, 76), and there is no correlation
between the relationship of the viruses and the type of CITE
each virus contains (13). Thus, as plant viruses evolve, they

SN

VOLUME 284 -NUMBER 21+MAY 22, 2009



Cap-independent Element Functions via elF4E Binding

either exchange cis-acting translational control signals, and/or
different viruses may have independently evolved structures
that recruit eIF4F. In some cases, such as PEMV RNA 2 and
PMYV, similar structures may have arisen by convergent evolu-
tion. Regardless of the evolutionary process, it appears that dif-
ferent classes of CITE act by different interactions to achieve
the same result: recruiting the translational machinery.
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